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 A composition-tuning system is proposed for a composition-adjustable ORC
 A dynamic composition control strategy for distillation system is designed 
 A distillation system is simulated, designed and analysed using Aspen Plus 
 The response characteristics of the distillation system meet the requirement
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10 Abstract
11 Using zeotropic mixtures as working fluids can improve the thermal efficiency of 
12 Organic Rankine cycle (ORC) power plants for utilising geothermal energy. However, 
13 currently, such ORC systems cannot regulate the composition of zeotropic mixtures 
14 when their operating conditions change. A composition-adjustable ORC system could 
15 potentially improve the thermal efficiency by closely matching the cycle to the 
16 changing ambient conditions provided that the composition of the working fluid 
17 mixture can be adjusted in an economic way. In this paper, a dynamic composition 
18 control strategy has been proposed and analysed for such a composition-adjustable 
19 ORC system. This method employs a distillation column to separate the two 
20 components of the mixture, which can then be pumped back to the main ORC system 
21 to adjust the composition of the zeotropic mixture to the required level according to 
22 the ambient temperature. The dynamic composition control strategy is simulated using 
23 an optimisation algorithm. The design method of the distillation column is presented 
24 and its dynamic response characteristics have been analysed using Aspen Plus 
* Corresponding author: Tel.: +44 (0) 141 330 2530; E-mail address: Zhibin.Yu@glasgow.ac.uk
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25 Dynamics. The results indicate that the average power output can be significantly 
26 improved using a composition-adjustable ORC system when the ambient temperature 
27 decreases. The size of the distillation system is relatively small and its energy (mainly 
28 thermal) consumption is only around 1 percent of the system’s input heat. The research 
29 results also show that the dynamic response characteristics of the distillation system 
30 can satisfy the requirements of the ORC system.  
31
32 Keywords: organic Rankine cycle, zeotropic mixture, distillation column, dynamic 
33 composition control, response time
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35 1. Introduction
36 Low-temperature heat energy sources are abundant globally, but are largely 
37 underutilised at present. For instance, a huge amount of geothermal energy sources are 
38 available in the temperature range between 80 and 120 ºC [1, 2]. The organic Rankine 
39 cycle (ORC) is a promising technology for power generation from such low-
40 temperature heat sources. Although the market for ORC power generation equipment is 
41 growing rapidly, the installed capacity of ORC systems is still very low so far. One of 
42 the barriers is their relatively low thermal efficiency, and consequently a long payback 
43 period. Therefore, it is critical to improve the thermal efficiency of ORC power plants to 
44 facilitate their uptake.
45 When a zeotropic mixture is used as the working fluid for an ORC system, it differs 
46 from pure working fluids which stay at a constant temperature during their phase 
47 changing processes, in that a temperature glide will take place during the evaporation 
48 and condensation processes, which can enhance the level of temperature profile match 
49 in the heat exchangers such as evaporators and condensers [3]. Considerable efforts 
50 have been made to study ORC systems using zeotropic mixtures as working fluids. In 
51 the 1990s, a theoretical analysis by Angelino et al. indicated that using zeotropic 
52 mixtures as working fluids could improve the thermal efficiency of an ORC [4]. Aiming 
53 at low-temperature geothermal power generation, Habka and Ajib revealed that a 
54 zeotropic mixture is better than the corresponding pure fluids [5]. Kang analysed the 
55 performance of an ORC with 10 binary mixtures of HFC/HC and HFO/HC [6]. The 
56 results indicated that the maximum net power output corresponding to an optimal 
57 mixture composition with a highest temperature glide. Radulovic et al. studied the effect 
58 of composition variation of mixtures R143a/R124 and R143a/RC318 on the system 
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59 performance of a supercritical ORC and the cycle efficiency could be improved by 15% 
60 in comparison with pure R143a [7]. Yang et al. analysed eight different zeotropic 
61 mixtures for ORC systems to recover energy from the waste heat carried by the exhaust 
62 gases of an internal combustion engine and R145b showed a maximum exergy 
63 efficiency of 39.88% [8]. Li et al. studied the performance of an ORC using a zeotropic 
64 mixture as working fluid for energy recovery from industrial flue gases. It is found that 
65 the thermal efficiency could be improved if a suitable composition is chosen, but one 
66 drawback was that the heat transfer areas of the evaporator and the condenser had to be 
67 increased [9]. Chaitanya et al. investigated the thermodynamic performance of an ORC 
68 with ternary alkane mixtures for small solar power generation applications. The results 
69 indicated that zeotropic mixtures could improve the system’s efficiency and reduce its 
70 expander size [10].  
71 For an ORC system using a zeotropic mixture as working fluid, the optimal 
72 composition corresponding to the maximum thermal efficiency strongly depends on the 
73 temperature of heat source [11, 12]. A research by Chys et al. showed that a better 
74 performance could be obtained with a zeotropic mixture when the heat source 
75 temperature is relatively lower [13]. Harvig et al. reported that the selection of the 
76 optimal composition must ensure the critical temperature of the zeotropic mixture is 
77 around 30-50 ºC below the heat source temperature. Furthermore, the temperature glide 
78 in the condenser should be close to the temperature increment of the cooling fluid [14]. 
79 Using a suitable zeotropic mixture with an optimal composition is critical for optimising 
80 an ORC system. If a zeotropic mixture is selected improperly, the system performance 
81 may be even lower than that of the ORC system using the corresponding pure working 
82 fluids [15, 16]. 
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83 Since a huge amount of geothermal energy exists with a relatively low temperature, it 
84 is important to comprehensively evaluate the feasibility of using zeotropic mixtures for 
85 low-temperature geothermal power plants. So far, most of investigations indicated that 
86 using zeotropic mixtures could improve the system performance of ORC systems. 
87 Desideri and Bidini compared an ORC system with conventional single flash / binary 
88 flash power plant and reported that using ORC could harness geothermal energy more 
89 efficiently [17]. To improve degree of match of temperature profiles within the 
90 evaporator and condenser of a geothermal ORC system, Yue et al. used a zeotropic 
91 mixture of isobutane and isopentane as working fluid and the system’s thermal 
92 efficiency was improved [18].  For a heat source with a temperature below 120 ºC, 
93 Heberle et al. reported that the system efficiency could potentially be improved by 15% 
94 using isobutane/isopentane and R227ea/R245fa as working fluids, instead of pure 
95 working fluids [19]. Another investigation for low-temperature geothermal power plants 
96 by Liu et al. also showed that an ORC power plant using a mixture of isobutane and 
97 isopentane could produce 4~11% more power than using pure isobutane [20]. 
98 It is therefore important to further explore methods that can improve the efficiency of 
99 ORCs using zeotropic mixtures as working fluids. Andreasen et al. proposed a split 
100 evaporation concept for low-grade heat sources. A separator is installed at the outlet of 
101 the recuperator to improve the boiling process [21]. Liu et al. discussed the effect of 
102 temperature glide during the condensing process and found that such a temperature 
103 glide should be matched with the temperature profile of the cooling fluid [22]. Li et al. 
104 used a liquid-separated condenser for an ORC using a zeotropic mixture of R600/R601a 
105 [23]. It is reported that this method could improve the heat transfer coefficient of the 
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106 condenser evidently. Thus, the area and cost of the condenser using zeotropic mixture 
107 can be decreased significantly.
108 On the other hand, various optimisation algorithms were employed for simulating 
109 different ORC systems [24, 25]. To maximise the thermal efficiency, Victor et al. used a 
110 simulated annealing algorithm to calculate the optimal composition of zeotropic mixture 
111 [26]. Based on a multi-objective optimization method, a series multi-stage ORC system 
112 was found to be better than a parallel multi-stage ORC system when zeotropic mixtures 
113 were used as working fluids [27-29]. However, once the optimal composition is 
114 determined, the above-mentioned methods cannot alter it during the operation. 
115 For a conventional geothermal power plant, the design point is normally selected 
116 according to the maximum ambient temperature in summer. However, the ambient 
117 temperature changes with time and seasons, leading to a variation in the exergy of the 
118 geothermal brine. Collings et al. proposed a method to tune the composition of an air-
119 cooled ORC system according to the ambient temperature using a distillation system, 
120 but the model and detailed simulation of the distillation were not provided [30]. Wang 
121 et al. studied the performance of a Kalina cycle using a separator to adjust the 
122 composition of ammonia-water mixture [31]. Both methods indicated that the annual 
123 average thermal efficiency could be significantly improved. However, these 
124 investigations did not consider the dynamic response time during the composition 
125 tuning operation. Response time is the time that a system takes to react to a given input. 
126 The composition of zeotropic mixture must be adjusted in response to the ambient 
127 temperature. If the dynamic response time of the composition tuning system is larger 
128 than the variation time of the ambient temperature, the practical composition value of 
129 the zeotropic mixture will deviate from the optimal value and thus the system 
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130 performance will be deteriorated. Moreover, the optimal size of the distillation system 
131 and its power consumption remain unknown, and thus further investigation is needed.
132 In this paper, the energy efficiency of a composition-adjustable ORC with a 
133 distillation system is analysed using a steady state optimisation code. A dynamic 
134 composition control strategy is then proposed to compute the time needed for the 
135 required composition adjustment. Based on this strategy, a design method for the 
136 distillation system is presented using Aspen Plus. Finally, a dynamic model of the 
137 distillation system is developed using Aspen Plus Dynamics to study the dynamic 
138 response time. The results show that the average efficiency of the design ORC system 
139 can be improved significantly. Meanwhile, the designed composition control strategy 
140 can regulate the composition according to the changing ambient temperature and the 
141 response time of the distillation system can satisfy the requirements.
142
143 2. Operation principle of composition adjusting
144 The ORC system studied in this paper uses a zeotropic mixture for power generation 
145 from low temperature geothermal energy. Most zeotropic mixtures used for an ORC 
146 system are low boiling point alkanes or HFCs. Among these working fluids, a zeotropic 
147 mixture consisting of R134a and R245fa is considered suitable for low-temperature 
148 geothermal heat sources [30, 32]. Therefore, R134a and R245fa are used in this study 
149 and their thermodynamic properties are listed in Table 1. 
150   Figure 1 shows a T-x (i.e., temperature – mass fraction) diagram of zeotropic mixture 
151 composed of R134a and R245fa under an example pressure of 1.4 MPa. For the 
152 designed composition-adjustable ORC, the condensation pressure is constant while the 
153 evaporation pressure varies. It can be seen that the temperature glide between the bubble 
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154 and dew lines is much smaller than that of ammonia/water mixture used in Kalina cycle 
155 (see Fig. 3 in [31]). For instance, it is only 11.6 ºC when the mass fraction of R134a in 
156 the mixture is 0.4. Therefore, it is unsuitable to use a separator like the Kalina cycle to 
157 adjust the working fluid composition for the ORC with zeotropic mixture R134a/R245fa. 
158 Instead, a distillation system is used to separate these two components with different 
159 boiling points. 
160 Industrial distillation is normally performed in a vertical cylindrical column known as 
161 distillation column with several trays inside. The feed is supplied to the middle of the 
162 column. Due to the different volatility of the components in the zeotropic mixture, the 
163 distillation process separates the components by selective evaporation and 
164 condensation. The "lightest" product with the lowest boiling point exits from the top of 
165 the column and the "heaviest" product with the highest boiling point exits from the 
166 bottom of the column. More details of binary distillation process can be found in Ref. 
167 [33]. 
168 Herein, the distillation process is illustrated in Fig. 2. The mass fraction of R134a in 
169 Stream 7 is represented by x7. The saturated liquid state at the inlet of the distillation 
170 column is denoted by Point 7. In the distillation column, equilibrium between liquid and 
171 gas mixtures under different temperatures occurs at each stage. At the top of the 
172 distillation column, Stream 8a with an R134a mass fraction of xH is produced. At the 
173 bottom, Stream 9a contains an R134a mass fraction of xL. 
174 As shown in Fig. 3, differing from a conventional ORC system, it has a composition 
175 control subsystem that can adjust the composition of working fluid mixture within the 
176 ORC cycle in situ. The composition control system consists of Pump 2, Tank 2, 
177 Distillation Column, Valve 1 and Valve 2, Tank 3, Tank 4, Pump 3, and Pump 4. 
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178 Pump 1 extracts the zeotropic mixture from the condenser and pressurises it to the 
179 evaporating pressure. The mixture absorbs heat energy from geothermal brine in the 
180 evaporator and turns into high-pressure vapour. After expanding in the turbine to 
181 produce power, it condenses in the air-cooled condenser and turns into saturated liquid 
182 that flows into Tank 1. The composition control system can adjust the composition of 
183 the zeotropic mixture according to the ambient temperature. First, the composition 
184 control strategy calculates the required mass flow rate of Stream 6a that Pump 2 draws 
185 out from Tank 1 to Tank 2. The working fluid accumulates in Tank 2 for a fixed period 
186 of time. Pump 3 then delivers a certain amount of working fluid as determined by the 
187 composition control strategy to the distillation column. At its outlets, the zeotropic 
188 mixture is separated into two streams. Stream 8 contains high-purity low boiling point 
189 fluid (i.e., R134a), while Stream 9 contains high-purity high boiling point fluid (i.e., 
190 R245fa). These two streams flow to Tanks 3 and 4, respectively. In the meantime, the 
191 composition control strategy also determines the required mass flow rates of Steams 10 
192 and 11. Then, Pumps 4 and 5 pump the corresponding mass flow rates to the mixer to 
193 compensate the working fluid mixture that has been extracted from the ORC power 
194 system. Valves 1 and 2 are used to control the mass flow rates at the outlets of the 
195 distillation column (see Section 5.2). In this way, the composition of the working fluid 
196 mixture in the ORC can be regulated. A density sensor installed at the inlet of Pump 1 
197 can monitor the density of the zeotropic mixture. Based on the measured density, 
198 working pressure, and temperature, the composition can be determined. 
199 Since the proposed composition-adjustable ORC system is developed for utilising 
200 low-temperature heat sources, the working temperature inside the reboiler of the 
201 distillation column may be higher than that of the heat source. In these particular cases, 
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202 the reboiler may be heated using other heat sources. In this study, the energy 
203 consumption of the reboiler is evaluated in Section 5. 
204 Once the system is designed and built, the size of the turbine and the heat transfer 
205 area of all the heat exchangers are fixed. The composition of the working fluid is 
206 adjusted by the distillation system. The operating pressure at the inlet of the turbine is 
207 regulated by the mass flow of Pump 1 and the load to the turbine. The operating 
208 temperature at the outlet of the condenser is controlled by the mass flow of the fans. 
209 Unlike the theoretical analysis in this paper, in practice, the system operation conditions 
210 may differ from the optimal points, and therefore the entire control system should 
211 regulate the above relevant parameters accordingly. In addition, monitoring and 
212 protection systems will normally be designed to avoid potential damages under some 
213 abnormal operation conditions.
214 The main working processes of the composition-adjustable ORC system are shown in 
215 Fig. 4. The blue and green dashed lines represent the bubble and dew lines at the 
216 high/low pressure side, respectively. The magenta solid lines denote the main working 
217 process of the ORC system 1-2-3-4-1. For the zeotropic mixture, the temperatures of the 
218 evaporating process 2-3 and the condensing process 4-1 are not constant. Processes 7-8 
219 and 7-9 corresponds the distillation process. In fact, it should be denoted by a series of 
220 stepped lines similar like that in Fig. 2. Here, they are simplified by two red dashed 
221 lines. The mixing process in the mixer is depicted by 10-2’, 11-2’, and 2-2’. State 2’ 
222 represents the state at the outlet of Pump 1 for the next cycling where the composition 
223 of the working fluid may be changed.
224 The operation principle of the designed composition-adjustable ORC system can be 
225 explained in Fig. 5. The turbine is assumed to be able to operate at variable pressure 
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226 ratio with a constant efficiency. When the ambient temperature is at a medium value, 
227 Point A represents the working state of the zeotropic mixture at the outlet of the air-
228 cooled condenser, which is constrained by the pinch point temperature difference 
229 (PPTD) in the condenser. On the other hand, the temperature of the zeotropic mixture at 
230 the outlet of the evaporator is fixed at T4. The corresponding state is shown as Point D. 
231 If the ambient temperature drops, the mass fraction of R134a has to be increased. Point 
232 A shifts to Point B to keep the PPTD of the condenser unchanged. Accordingly, Point D 
233 moves to Point E to keep the temperature at the outlet of the evaporator at T4. 
234 Consequently, the working pressure at Point E is now greater than that of Point D, 
235 which can be controlled by Pump 1. If the ambient temperature rises, the mass fraction 
236 of R134a will be reduced so the working Point A will shift to Point C. The 
237 corresponding Point D will be changed to Point F by decreasing the output pressure of 
238 Pump 1. In summary, the condensation pressure of the zeotropic mixture keeps constant 
239 when the composition is regulated in response to the ambient temperature. Thus, the 
240 working fluid temperature at the outlet of the air-cooled condenser can be controlled. As 
241 the working fluid temperature at the outlet of the evaporator is limited by the heat 
242 source temperature, the evaporation pressure must be changed accordingly to keep the 
243 working fluid in a gaseous state. Therefore, the exergy efficiency of the ORC system as 
244 described above can be maximised by adjusting the pressure at the outlet of Pump 1 
245 when the ambient temperature decreases.
246 According to the working principle of the composition-adjustable ORC system, the 
247 condensation pressure of the zeotropic mixture should be greater than the ambient 
248 pressure to avoid air leaks into the ORC system. For a certain condensation pressure, 
249 the temperature range of the zeotropic mixture at the bubble line must match the 
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250 variation range of the ambient temperature. On the other hand, the corresponding 
251 evaporation pressure of the zeotropic mixture should not be too high for safety. In 
252 addition, ideally, the zeotropic mixture should be not toxic, none-flammable, and cheap; 
253 and should have zero ODP and low GWP. 
254
255 3. Improvement of energy efficiency 
256 In this section, the improvement of energy efficiency by using composition 
257 adjustment is evaluated using a thermodynamic analysis method. The relationship 
258 between the optimal composition and the ambient temperature is obtained. In this 
259 analysis, the temperature of the geothermal brine is set to 100 ºC as a case study. A 
260 thermodynamic model similar to that of the reference [31] is firstly developed in Matlab 
261 for the ORC system. The flow resistance and heat loss in the pipes are neglected to 
262 simplify the model. The operation pressure of the air-cooled condenser is set to 0.4 MPa. 
263 The saturated liquid state at the outlet of the condenser is specified based on the ambient 
264 temperature
265 .                                    (1)101  aTT
266 The corresponding air temperature at the other outlet of the condenser is determined 
267 using a pinch-point analysis method.
268 The working fluid temperature at the outlet of the evaporator is set to 
269 .                                    (2)54  hsTT
270 Accordingly, the working fluid temperature at the inlet of the evaporator can be 
271 obtained using a pinch-point analysis method.
272 The corresponding pressure at the outlet of the evaporator is determined by
273  .                                    (3) 544  TPP sat
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274 The degree of superheat of Stream 4 at the inlet of the turbine is set as 5 ºC.
275 Table 2 gives all the other parameters used in this model. To compare with the results 
276 of the composition-adjustable Kalina cycle, most of these parameters are chose as the 
277 same as Table 1 in [31].
278 The thermal efficiency of the ORC is defined as 
279  .                                  (4)%1001 
e
pt
th Q
WW
η
280 The exergy efficiency is calculated by
281  ,                                  (5)%1001 
dE
WW
η ptex
282 where dE is the exergy transferred from the geothermal brine to the zeotropic mixture in 
283 the evaporator. The mixer is assumed to be at static state. The detailed design of the 
284 mixer is beyond this paper. The power consumption of Pump 1 will increase slightly 
285 due to the resistance of the mixer. Hence, the power consumption of the mixer is 
286 ignored in this study. 
287 As the working load of the turbine and the heat exchangers will vary as the ambient 
288 temperature changes, the ORC system may work at the off-design points. In this respect, 
289 the sizes of the turbine, the evaporator, the condenser, and the pump must be specified 
290 according to their maximum loads. In this analysis, a pinch-point analysis method is 
291 used for designing the evaporator and the condenser. Therefore, the heat transfer areas 
292 of these two heat exchangers are calculated according to the maximum values under 
293 various ambient temperatures. If the pinch-point temperature difference can satisfy with 
294 the working point with maximum heat load, it can also satisfy with the off-design points. 
295
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296 For the turbine, the calculated mass flow rate of the working fluid varies within a 
297 certain range (see Fig. 9d) and the turbine will work at off-design points when the 
298 ambient is too low or too high. Normally, the isentropic efficiency of a turbine drops 
299 under off-design conditions. However, the efficiency of the turbine is relatively 
300 insensitive to the offset from its design point in high-speed conditions and it can be 
301 assumed to operate with a constant isentropic efficiency via controlling the speed of the 
302 turbine [34]. As the power consumption of Pump 1 is very small, the change of power 
303 consumption when it operates under off-design points can be neglected in this study. 
304 Therefore, the above model can be used to analysis the performance when the system 
305 operates under off-design conditions.
306 A set of hourly sampled temperature data of Berlin in 2016 is used to simulate the 
307 changing ambient condition for the composition-adjustable ORC system. Figure 6 
308 shows three curves of the ambient temperature in different seasons. The solid line 
309 shows a typical temperature variation in a day of spring (or autumn), while the dashed 
310 and the dash-dotted lines are for winter and summer, respectively. It can be seen that the 
311 highest temperature reaches 31 ºC in the summer while the lowest temperature reaches -
312 1 ºC in the winter. The daily temperature variation is smaller in the winter than other 
313 seasons.
314 According to the ambient conditions as described above, the required composition of 
315 the zeotropic mixture is calculated using the model. The corresponding thermal and 
316 exergy efficiencies of the ORC system are then computed. The composition 
317 corresponding to the maximum thermal efficiency is denoted as the optimal 
318 composition under the ambient temperature. In this way, the system performances of the 
319 composition-adjustable ORC can be obtained in different seasons.
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320 The results are shown in Fig. 7. The net power output of the ORC system is shown in 
321 Fig. 7(a). In summer or spring/autumn, the net power output increases noticeably as the 
322 ambient temperature drops during the day. However, when the ambient temperature is 
323 below 0 ºC, the system’s net power output decreases slightly because the power 
324 consumption of the fans of the air-cooled condenser rises dramatically due to the 
325 decrease of the specific heat capacity of air. In general, the ambient temperature is 
326 higher in summer, so the mass fraction of R134a is lower (in a range of 0.07~0.24) as 
327 shown in Fig. 7(d). The system’s thermal efficiency is also lower in the range of 
328 7.29~8.53% as shown in Fig. 7(b). The mass fraction of R134 increases in 
329 spring/autumn as the ambient temperature reduces. The system’s thermal efficiency also 
330 rises noticeably. The ambient temperature decreases towards the minimum in winter, as 
331 a result, the mass fraction of R134a is adjusted to 0.64~0.88. Consequently, the 
332 system’s thermal efficiency increases to the range of 11.7 - 13.28%. The mass flow of 
333 the working fluid mixture is shown in Fig. 7(c), which varies slowly when the ambient 
334 temperature is in the range of 10 and 20 ºC. However, it decreases dramatically as the 
335 ambient temperature rises from 20 to 31 ºC because the mass fraction of R245fa with a 
336 specific heat capacity greater than R134a increases rapidly. Therefore, the overall 
337 specific heat capacity of the zeotropic mixture also rises, leading to a decrease of the 
338 required mass flow rate of the zeotropic mixture in the evaporator since mass flow rate 
339 of geothermal brine is fixed for these simulations. On the other hand, the mass flow rate 
340 of the zeotropic mixture also decreases when the ambient temperature is below 10 ºC 
341 because of a rapid increase of mass fraction of R134a having a smaller density.  
342 Figure 8(a) shows the thermal efficiency of the composition-adjustable ORC as a 
343 function of the ambient temperature and the mass fraction of R134a in Stream 1. Each 
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344 solid line represents the thermal efficiency of the ORC as a function of the mass fraction 
345 of R134a for a given ambient temperature. It can be seen that the thermal efficiency of 
346 the ORC system increases as the mass fraction of R134a rises until an optimal value, 
347 and then decreases. Furthermore, as the ambient temperature decreases, the optimal 
348 mass fraction of R134a increases, while the corresponding maximum thermal efficiency 
349 increases. The optimal operation line (OOL) with maximum thermal efficiencies is 
350 obtained by connecting the optimal operating points for each given ambient temperature 
351 as shown by a dashed line in Fig. 8(a). It can be seen that the optimal thermal efficiency 
352 strongly depends on both the ambient temperature and the mass fraction of R134a. As 
353 shown in Fig. 8(b), the results of the exergy efficiency have a similar tendency. 
354 However, the exergy efficiency varies in a much narrower range than the thermal 
355 efficiency. 
356 Figure 8(c) shows the achievable maximum thermal efficiency of the proposed ORC 
357 system as a function of the ambient temperature. For comparison, the results of the 
358 composition-adjustable Kalina cycle using ammonia/water mixture as working fluid 
359 studied in the reference [31] are also presented in Fig. 8 (c). It can be seen that the 
360 proposed ORC system can achieve higher thermal efficiencies than the composition-
361 adjustable Kalina cycle [31] in the tested ambient temperature range. It is estimated that 
362 the annual average thermal efficiency of the former is around 20-30% higher than the 
363 latter according to the results shown in Fig. 8 (c). This can be attributed to the lower 
364 power consumption by the fans of the air-cooled condenser in the composition-
365 adjustable ORC system studied in this research.
366 Similarly, the results of the corresponding conventional ORC cycle operating at a 
367 fixed composition temperature and condensation temperature based on the maximum 
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368 summer ambient temperature are also shown in Fig. 8(c), which is expected to have an 
369 approximately constant thermal efficiency over the year. It can be seen that the 
370 proposed composition-adjustable ORC system can achieve significantly higher thermal 
371 efficiency than conventional ORC system as the ambient temperature decreases. 
372 According to the results shown in this figure, it is estimated that the annual average 
373 thermal efficiency of the composition-adjustable ORC is around 30-36% higher than its 
374 conventional counterpart. This agrees with the prediction using a simplified model in 
375 reference [30].  A comparative study with the composition tuning method is very 
376 complex if the condensation temperature of the conventional ORC or Kalina cycle using 
377 the zeotropic mixture also varies with the ambient temperature, which is beyond the 
378 scope of this paper. 
379 Figure 8 (d) shows the calculated maximum exergy efficiency of the proposed system 
380 as a function of the ambient temperature. The exergy efficiency of the composition-
381 adjustable ORC increases as the ambient temperature decrease. Similar to Fig. 8(c), the 
382 results of the composition-adjustable Kalina cycle using an ammonia/water mixture as 
383 working fluid [31] are also given in Fig. 8(d). Some investigations reported that the 
384 exergy efficiency of a Kalina cycle using ammonia/water is better than that of an ORC 
385 using R245fa [35], which agrees with our results when the ambient temperature is 
386 below around 20 °C as shown in Fig. 8(d). However, the tested Kalina cycle seems to 
387 have a lower thermal efficiency than a conventional ORC when the ambient temperature 
388 is above 20 °C. This is due to the fact that the ammonia mass fraction decreases 
389 dramatically when the ambient temperature is above 20 °C, leading to a decrease of net 
390 power output of the turbine. 
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391 Most conventional ORC systems are designed with a fixed condensation 
392 temperature/pressure. The condensation pressure is normally higher than the 
393 atmospheric pressure. Therefore, such a conventional ORC operating with a single 
394 working fluid has to be designed based on the maximum air temperature in summer to 
395 ensure the working fluid will be fully condensed in the condenser throughout the year. 
396 As the season shifts from summer to winter, the ambient temperature decreases. The 
397 working fluid in the condenser will potentially be subcooled due to the excessive 
398 cooling provided by the colder ambient air or water in winter. This will increase the heat 
399 input at the evaporator and reduce the cycle efficiency. To avoid such undesired 
400 subcooling, the flow rate of coolant passing the condenser normally needs to be reduced 
401 to keep the temperature of the working fluid close to the designed condensation 
402 temperature that is imposed by the condensing pressure. The power consumption of the 
403 fans of the air-cooled condenser reduces accordingly. On the other hand, because the 
404 temperature and the mass flow rate of the brine at the inlet of the evaporation is fixed I 
405 our analysis, the thermodynamic states and the mass flow rate of the working fluid 
406 inside the conventional ORC system is fixed, leading to a constant power output of the 
407 turbine. Normally, the power output of the turbine is significantly greater than the 
408 power consumption of the fans. Therefore, the change of the power consumption of the 
409 fans was negligible in this study and the net power output of the conventional ORC 
410 remains more or less constant as the ambient temperature changes. As the heat input to 
411 the evaporator remains constant, the thermal efficiency is approximately constant. 
412 However, because the “dead state” [36] for exergy calculation is based on the ambient 
413 temperature, the exergy of the geothermal heat source increases when the ambient 
414 temperature drops. Since the net power output keeps constant, the exergy efficiency of 
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415 the conventional ORC decreases as the ambient temperature falls according to the 
416 second law of thermodynamics.
417 Figure 9(a) presents the net power output of the composition-adjustable ORC system 
418 as a function of the ambient temperature. It increases and then decreases as the ambient 
419 temperature decreases, and reaches the maximum when the ambient temperature is 8.8 
420 ºC. Fig. 9(b) shows the relationship between the mass fraction of R134a in Stream 2 and 
421 the ambient temperature. The dynamic composition control strategy will adjust the mass 
422 fraction of R134a in Stream 2 based on this relationship when the ambient temperature 
423 varies. The corresponding density of Stream 2 is shown as a dome shape in Fig. 9(b) 
424 because the temperature of Stream 2 varies with the ambient temperature while its 
425 pressure remains constant.   
426 Figure 9(c) shows the calculated power production of the turbine, and the calculated 
427 power consumption of Pump 1 and the fans of the air-cooled condenser. The power 
428 consumption of the fans is calculated using the same method as Eq. (22) in Ref. [31]. 
429 The power consumption of the fans increases evidently as the ambient temperature 
430 drops because of the increment of the mass flow of the air, which is caused by the 
431 increase of the mass fraction of R134a. As the power of the turbine first increases and 
432 then decreases as the ambient temperature decreases, the net power has a similar 
433 tendency. Fig. 9(d) presents the mass flow rates of the zeotropic mixture in the ORC 
434 system and the air passing the condenser. The mass flow rate of the working fluid in the 
435 ORC system firstly increases and then decreases as the ambient temperature decreases. 
436 The mass flow rate of air passing the condenser dramatically increases the ambient air 
437 temperature drops to below around 10 ºC. 
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438 Fig. 9(e) shows the heat transfer in the evaporator and the temperature of the 
439 geothermal brine at the outlet of the evaporator. The heat transfer via the evaporator 
440 firstly increases and then decreases as the ambient air temperature decreases, which 
441 results from the variation of the mass flow rate of the working fluid in the ORC system 
442 as shown in Fig. 9(d). Consequently, the temperature of the geothermal brine exiting the 
443 evaporator firstly decreases and then increases as the ambient temperature decreases.
444 Essentially, as the ambient temperature decreases, the corresponding temperature at 
445 the inlet of the evaporator also decreases. However, the mass fraction of R134a and the 
446 pressure of the zeotropic mixture in the evaporator increases. Using the pinch point 
447 analysis method, the variation tendency of the temperature of the brine at the outlet of 
448 the evaporator is obtained. Because the boundary conditions listed in Table 2 set the 
449 temperature and the mass flow of the brine constant, the heat transfer in the evaporator 
450 shows an inverse trend. 
451 Figure 9(f) presents the heat transfer in the condenser and the air temperature at the 
452 outlet of the evaporator. As the ambient temperature increases, the outlet air temperature 
453 increases accordingly. However, the heat transfer via the condenser firstly increases and 
454 then decreases as the ambient air temperature increases. This can be attributed to the 
455 change of load as shown in Fig. 9(e). 
456
457 4. Dynamic composition control strategy
458 The composition-adjustable ORC needs to regulate the composition of the zeotropic 
459 mixture when the ambient temperature changes. Therefore, a dynamic composition 
460 control strategy based on an optimization algorithm is proposed in this section. It is 
461 assumed that the amount of the zeotropic working fluid can be circulated around the 
ACCEPTED MANUSCRIPT
21
462 ORC system in 5 minutes. In this study, this value is specified based on the charge of 
463 working fluid in the main ORC [30] and the mass flow rate of Pump 1. It is assumed 
464 that the entire charge can be circulated completely within this time interval. Normally, 
465 the transient processes of an ORC take several minutes [37, 38]. It may be not enough 
466 for the main ORC to be stabilized within 5 minutes because of the thermal inertia of the 
467 heat exchangers. However, if the composition of the zeotropic mixture can be tuned to 
468 follow the optimal value based on the ambient temperature, it will be beneficial for the 
469 control of Pump 1 and the fans of the condenser. In practice, the updated frequency of 
470 the zeotropic mixture is determined by the bulk volume of the working fluid inside the 
471 main ORC circuit and the mass flow rate of Pump 1. The sample frequency of the 
472 distillation system should take into account this updated frequency and the variation 
473 characteristics of the ambient temperature. The composition control strategy can sample 
474 the ambient temperature and control the mass flow rates in a step of every 5 minutes. 
475 First, the required mass fraction of R134a in Stream 2 is optimised according to the 
476 ambient temperature as described in the above sections. In the mixer, the mass and 
477 composition balances can be represented by
478 ,                  (6)         imimimimim 2261110 1 
479 ,    (7)               imiximiximiximαimα 222262112101 11 
480 where mj(i) is the mass flow rate of stream j at the sample time i, x2 is the mass fraction 
481 of R134a in Stream 2, α1 is the mass fraction of R134a in Stream 10 (i.e.,  0.98), and α2 
482 is the mass fraction of R134a in Stream 11 (i.e., 0.02). Both the required mass flow rate 
483 and the mass fraction of R134a of Stream 2 are input variables.
484 The main ORC system is already optimised and assumed to operate along the OOL 
485 line shown in Fig. 8 in the above section. The purpose of this study is to investigate the 
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486 dynamic control strategy of its subsystem, i.e., the composition tuning subsystem. 
487 Firstly, we need to determine the corresponding mass flow rates of Streams 6, 10, and 
488 11, respectively, so that the main ORC system can operate along the OOL line. In this 
489 section, an optimization algorithm has been developed and the objective is to minimize 
490 the total mass flow rates of Streams 6, 10, and 11.
491                           (8)     imimimmin 11106: 
492 The boundary conditions are that the mass flow rates of these three streams must not 
493 be negative.
494                                          (9)  06 im
495                                          (10)  010 im
496                                          (11)  011 im
497 This optimisation algorithm can be solved by a linear programme method and the 
498 solution is given by
499 ,          (12)      

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501 ,                 (14)      
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502 where ,   imimΔm 22 1 
503 .       imiximixΔM 2222 11 
504 Based on this dynamic composition control strategy, the results of the mass flow rates 
505 of Streams 6, 10, and 11 are calculated and shown in Fig. 10 when the ambient 
506 temperature in the autumn/spring is used as the input data. Figure 11 shows the mass 
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507 flow rates for the summer and the winter cases. It can be seen that all the mass flow 
508 rates of Streams 6, 10, and 11 are less than 3 kg/s, which are much lower than the mass 
509 flow rate of working fluid in the ORC system (around 40~50 kg/s) as shown in Fig. 7(c). 
510 The dynamic composition control strategy increases the mass flow rate of Stream 10 if 
511 the ambient temperature drops. Otherwise, the mass flow rate of Stream 11 is increased. 
512 The mass flow rate of Stream 6 extracted from the ORC system is used to balance the 
513 composition of Stream 2. In most of the cases, only stream 10 is added when the 
514 concentration of R134a in Stream 2 needs to be enriched and only stream 11 is pumped 
515 to decrease the mass fraction of R134a. 
516
517 5. Dynamic response characteristics
518 5.1 Design of distillation column
519 The results obtained by the dynamic composition control strategy show that the mass 
520 flow rate of Stream 6 changes abruptly with time. However, the distillation process in 
521 the distillation column takes time. Therefore, Steam 6 is not suitable to be directly fed to 
522 the distillation column. Instead, Tank 2 is added at the inlet of the distillation column to 
523 buffer the fluctuation of Stream 6. Tanks 3 and 4 are also added at the outlets of the 
524 distillation column to store the separated components temporarily. In this study, it is 
525 assumed that Tank 2 stores the mixture from Stream 6 for a whole day and an average 
526 mass flow is pumped to the distillation column at the next day. In this way, the mass 
527 flow rate into the distillation column can be kept stable during a day and it is very 
528 helpful for the steady operation and size reduction of the distillation column. Based on 
529 the results of Figs. 10 and 11, the daily average mass flow into the column is calculated 
530 as 0.309 kg/s for the spring/autumn cases and the corresponding mass fraction of R134a 
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531 is 0.366. In the summer, the daily average mass flow rate is calculated as 0.332 kg/s and 
532 the corresponding mass fraction is decreased to 0.145. In the winter, the daily average 
533 mass flow rate is obtained as 0.339 kg/s and the corresponding mass fraction is 
534 increased to 0.783. To keep a certain margin for the column design, the maximum mass 
535 flow is selected as 0.44 kg/s. 
536 Using the above data as an input, the main parameters of the distillation column are 
537 designed using Aspen Plus V8.8 software. The steady state model is shown in Fig. 12. 
538 This model has been validated using a zeotropic mixture of propane/isobutene with the 
539 model in Ref. [39] and the steady errors are less than 1.5%. Afterwards, the working 
540 fluid is replaced with R134a/R245fa which is used in this research. The input 
541 parameters of the Aspen model are listed in Table 3. The purities of the two streams at 
542 the outlets of the distillation column are set as 0.98 for this analysis. The number of 
543 trays of the column is set to be 16 after several attempts. The mixture flows into the 
544 distillation column at the 8th tray. The height of each tray is specified as 0.25 meters. 
545 The calculated diameters of the column are 0.38, 0.34, and 0.39 m for the cases in 
546 spring/autumn, the summer, and the winter, respectively. Therefore, the final diameter 
547 of the column is set as 0.38 m. Then, the operation performance of the distillation 
548 column in different seasons is evaluated and shown in Table 4. It can be seen that the 
549 required purities are satisfactory for both streams at the outlets of the distillation column. 
550 The operational parameters inside the distillation column are shown in Fig. 13 when the 
551 ambient temperature in spring/autumn is used as an example. The tray at the top of the 
552 column is numbered as no. 1, so the tray at the bottom is numbered as no. 16. The 
553 working temperature and pressure of the zeotropic mixture rises gradually as the stage 
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554 increases while the mass fractions of R134a in the gaseous and liquid fluids are both 
555 decreased.
556 The energy consumption of the reboiler and the condenser of the distillation system 
557 are shown in Table 5. The heat consumption of the reboiler is always below 130 kW 
558 under all tested conditions, which is around 1% of the heat input to the evaporator (i.e. 
559 around 9-15 MW) of the main ORC system. The results of the power consumption of 
560 the pumps of the distillation system are listed in Table 6. Compared with the power 
561 consumption of the main ORC, the corresponding power input are negligible because 
562 the mass flow rates of these pumps are very small. For the Pumps 2, 4, and 5, the values 
563 are the maximum power consumption corresponding to the results of Figs. 10 and 11. In 
564 Aspen Plus environment, the model of the condenser of the distillation column is cooled 
565 by water and only the heat duty can be obtained. If an air-cooled condenser is used for 
566 the distillation column, the power consumption of the condenser can be evaluated using 
567 the same method as the air-cooled condenser of the main ORC. The cost of the 
568 distillation system has been discussed in the reference [30]. Therefore, in this study, we 
569 only focus the thermodynamic performance of the distillation system.
570 Tanks 2, 3 and 4 are used to buffer the mass flows into and out from the distillation 
571 column. The volumes of Tanks 2, 3, and 4 must be evaluated based on all seasons. 
572 According to the results in Section 5.2, the response time of the distillation column is 
573 less than 6 hours. If the mass flow rate of Pump 3 updates every 6 hours, the volumes of 
574 these tanks can be less than 5.5 m3. On the other hand, similar to the reference [30], if 
575 the charge of working fluid is set to 6000 kg, which only takes up about 4.8 m3 in liquid 
576 form. If all the working fluid in the main ORC is changed from R134a to R245fa, the 
577 required volumes for Tanks 2, 3, and 4 are also less than 5.5 m3. In practice, the 
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578 volumes of the tanks need to be specified according to the buffered bulk mass and the 
579 charge in the main ORC.
580
581 5.2 Dynamic performance of distillation column
582 The mass flow rate entering into the distillation column can be kept steady within a 
583 day according to the dynamic composition control strategy. However, the ambient 
584 temperature differs between any two continuous days. Therefore, it is necessary to 
585 analyse the dynamic response of the distillation subsystem when the ambient 
586 temperature varies day-to-day. In this study, two extreme situations are specified: Case 
587 1 assumes the ambient temperature changes from a day in spring/autumn to a day in 
588 summer. Case 2 assumes the temperature transits from a day in spring/autumn to a day 
589 in winter. 
590 A dynamic model of the distillation column is established using Aspen Plus 
591 Dynamics to analyse the system response characteristics in these two extreme scenarios. 
592 Fig. 14 shows the dynamic model including the control system. The dynamic model of 
593 the distillation column is validated using a zeotropic mixture of propane/isobutane as 
594 shown in Ref. [39] and the maximum difference of the response time is less than 3 
595 minutes. Then, the working fluid is changed to R134a/R245fa and all the control 
596 parameters are recalibrated.  The controller of the distillation column is a multi-input 
597 and multi-output control system and it can be decoupled to four main single-input and 
598 single-output controllers shown in Fig. 14. The controller C1_DrumLC regulates the 
599 opening of Valve 1 proportionally according to the required liquid level of the reflux 
600 drum of the condenser. Similarly, the controller C1_SumpLC controls the liquid level of 
601 the reboiler sump by adjusting the opening of Valve 2. The proportional-integral (PI) 
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602 controller C1_CondPC controls the operation pressure of the condenser of the 
603 distillation system by manipulating the heat removal of the condenser. The last 
604 controller is a cascade controller consisting of TC and CCxD. The inner PI controller 
605 TC regulates the heat power of the reboiler according to the working temperature of the 
606 9th stage. The target value of the TC controller is configured by the outer CCxD 
607 controller, of which the input variable is the mass fraction of R245fa in Stream 8. The 
608 CCxD controller also uses a PI control algorithm. Considering the time delays of the 
609 temperature and density sensors, two delay blocks are inserted into the dynamic model.
610 The results of Case 1 are shown in Fig. 15. The profile of the mass flow rate of the 
611 mixture entering into the distillation column is shown in Fig. 15(a), and it is stepped 
612 from 0.309 to 0.332 kg/s at the second hour. The variation of the corresponding mass 
613 fraction of R134a is shown in Fig. 15(b), and its concentration decreases from 0.366 to 
614 0.145. These two profiles are used as input data for the dynamic model. The mass flow 
615 rates of Streams 8 and 9 are shown in Figs. 15(c) and (d), respectively. Because the 
616 mass flow rate into the distillation column only increases slightly but the mass fraction 
617 of R134a decreases significantly, the mass flow rate of Stream 8 rich in R134a 
618 decreases from 0.111 to 0.044 kg/s, while the mass flow of Stream 9 increases from 
619 0.197 to 0.288 kg/s. The impurities of Streams 8 and 9 fluctuates during the dynamic 
620 process shown as Figs. 15(e) and (f). The required heat input to the reboiler is shown in 
621 Fig. 15(g) and it changes from 84.6 to 80.0 kW. The heat rejection in the condenser of 
622 the distillation system decreases from 59.4 to 47.4 kW as shown in Fig. 15(h). It can be 
623
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624 seen that the output impurities of the distillation column can satisfy the requirements 
625 during the dynamic process and the response time of the distillation column is less than 
626 4 hours.
627 The results of Case 2 are shown in Fig. 16. In this case, the mass flow rate of mixture 
628 into the column changes from 0.309 to 0.339 kg/s while the mass fraction of R134a 
629 steps dramatically from 0.366 to 0.783. The results show an opposite variation tendency 
630 for each of the working parameters. The impurities of Streams 8 and 9 are slightly 
631 greater than 2% but it does not have a great effect on the system performance. The 
632 response time of Case 2 is a bit larger than Case 1 but it is still less than 6 hours due to a 
633 larger magnitude of variation in the mass fraction of R134a shown in Fig. 16(b).
634 It should be noted that these cases are two worst-case scenarios. In reality, the 
635 ambient air temperature does not change dramatically. Hence, the required adjustment 
636 of composition will be much less than two envisaged cases above. Furthermore, we will 
637 only need to adjust the composition once per day to match ORC system with the 
638 average ambient temperature in either daytime or nigh time as shown in Fig. 6. 
639 Therefore, the response time of the designed distillation system is short enough to 
640 satisfy the requirement.  
641 Investigations indicated that the dynamic response time of an ORC is normally from 
642 several minutes to over ten minutes [37, 38]. If the distillation column is connected with 
643 the main ORC without Tanks 2, 3, and 4, the purities of Streams 10 and 11 cannot 
644 satisfy the real-time requirements because the response time of the distillation column is 
645 a couple of hours, which is verified by the dynamic model in the Aspen Plus Dynamics. 
646 Therefore, Tanks 2, 3, and 4 together with Pumps 2, 4, and 5 are added. In this way, the 
647 dynamic control of the distillation system can be decoupled from the main ORC. The 
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648 input of the distillation is updated in a very long-time interval (24 hours in this study) 
649 and the outputs of the distillation can always maintain at a high level of purity. On the 
650 other hand, the ambient temperature normally does not change significantly in half an 
651 hour. Accordingly, the composition of mixture varies relatively slowly. Since the mass 
652 fraction of the mixed working fluid changes, the evaporation pressure and the superheat 
653 degree may change during the transient process of the main ORC. Therefore, the 
654 optimised results of the mass flow rates may be different from that shown in Figs. 10 
655 and 11. However, we can use the same method presented in Sections 3 and 4 to 
656 determine these mass flow rates in real-time applications. Tanks 2, 3, and 4 can buffer 
657 these variations. Furthermore, the results in this section indicate that the dynamic 
658 performance of the distillation system can satisfy with the extreme variations of the 
659 ambient temperature from spring/autumn to summer or winter. Therefore, it is feasible 
660 for the designed dynamic control strategy of the distillation system to follow the 
661 requirements of the composition change caused by the transient process of the main 
662 ORC when the ambient temperature changes. 
663
664 6. Conclusions 
665 In this paper, a dynamic composition control strategy has been proposed and analysed 
666 for a composition-adjustable ORC system using zeotropic mixture as working fluid. 
667 This method employs a distillation column to separate the two components of the 
668 mixture. One of the obtained component fluids will then be pumped back to the main 
669 ORC system to adjust the composition of the zeotropic mixture to the required level 
670 according to the ambient temperature. The dynamic composition control strategy is 
671 simulated using an optimisation algorithm. The design method of the distillation column 
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672 is presented and the dynamic response characteristics of the distillation column has been 
673 analysed. The main conclusions are summarised as follows:
674
675 1) As the temperature glide of the zeotropic mixture consisting of R245fa and R134a is 
676 too small to use a separator separate them like Kalina cycle, a distillation column is 
677 proposed to separate the mixture. The obtained high purity R245fa and R134a can then 
678 be used to regulate the composition of the zeotropic in the main ORC system. The 
679 results indicate that it is a suitable method for control the composition of this ORC 
680 system. 
681
682 2) For power generation from low-temperature geothermal sources, a composition-
683 adjustable ORC with zeotropic mixture can reduce the losses in the condenser and 
684 improve the system thermal efficiency as well as net power output significantly. 
685 Comparing with a conventional ORC system, the annual average system thermal 
686 efficiency can be significantly increased as the ambient temperature decreases when the 
687 season changes from summer to winter. 
688
689 3) The simulation results of the composition-adjustable ORC have also been compared 
690 with a composition-adjustable Kalina cycle using ammonia/water as working fluid. The 
691 research shows that the former can potentially be 20-30% more efficient than the latter, 
692 showing that the composition-adjustable ORC using a zeotropic mixture of 
693 R245fa/R134a as working fluid has great potential for efficient power generation from 
694 low temperature geothermal energy sources.   
695
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696 4) The proposed dynamic composition control strategy can regulate the composition of 
697 the zeotropic mixture of the main stream according to the ambient temperature. The 
698 mass flow rate extracted to the distillation column is far less than that of the main 
699 stream of the ORC system. Therefore, the size and energy consumption of the 
700 distillation column are relatively small. The extra heat consumption by the distillation 
701 column is only around 1% of the heat input to the ORC system.
702
703 5) The designed distillation column can separate the zeotropic mixture during the 
704 dynamic control process when the ambient temperature varies from day to day and the 
705 purities can be controlled at around 98%. The dynamic response time of the distillation 
706 column increases as the difference of the day-to-day ambient temperature variation 
707 increases. The required response time is in the range of 4-6 hours for envisaged worst-
708 case of scenario. The actual required response time will be much less. Furthermore, 
709 considering only composition adjustment will be required for each day, the dynamic 
710 performance of distillation system can satisfy the requirements. 
711
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715
716 Nomenclature
717 dE exergy transferred from brine (kJ)
718 P pressure (MPa)
719 Q heat quantity   (kW)
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720 T temperature (K)
721 W power   (kW)
722 m mass flow rate  (kg/s)
723 x mass fraction 
724
725 Greek letters
726 α1 mass fraction of R134a in Stream 10
727 α2 mass fraction of R134a in Stream 11
728 efficiency 
729
730 Subscript
731 a ambient condition
732 e evaporator
733 ex exergy efficiency
734 hs heat source
735 p1 Pump 1
736 sat saturation
737 t Turbine 
738 th thermal efficiency
739
740 Acronyms
741 HC hydrocarbon
742 HFC hydrofluorocarbon
743 HFO hydrofluoroolefins
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744 OOL optimal operation line
745 ORC organic Rankine cycle
746 PI proportional-integral
747 PPTD pinch point temperature difference
748
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874 Fig. 8. Optimised results of thermal and exergy efficiencies as a function the mass 
875 fraction of R134a and ambient temperature. (Comp represents the composition-
876 adjustable ORC cycle; Kalina cycle is the composition-adjustable Kalina cycle using 
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878 Fig. 9. Performance of the composition-adjustable ORC as a function of the ambient 
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881 condenser; (e) heat transfer in the evaporator and the geothermal water temperature at 
882 its outlet; (f) heat transfer in the condenser and the air temperature at its outlet.
883 Fig. 10. Optimised mass flow rates of the distillation column at the inlet and outlets for 
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888 Fig. 12. Steady state model of the distillation column in Aspen Plus.
889 Fig. 13. Steady state simulation results of the distillation column for the spring/autumn 
890 case: (a) operation temperature as a function of the tray number in the distillation 
891 column; (b) operation pressure; (c) component mass fraction of the liquid mixture; (d) 
892 component mass fraction of the gaseous mixture.
893 Fig. 14. Dynamic model of the distillation column in Aspen Plus Dynamics.
894 Fig. 15. Results of dynamic process when the ambient temperature rises from the 
895 spring/autumn to the summer: (a) mass flow rate of Stream 7; (b) mass fraction of 
896 R134a in Stream 7; (c) mass flow rate of Stream 8; (d) mass flow rate of Stream 9; (e) 
897 mass fraction of R245fa in Stream 8; (f) mass fraction of R134a in Stream 9; (g) heat 
898 addition of the reboiler; (h) heat rejection via the condenser of the distillation system.
899 Fig. 16. Results of dynamic process when the ambient temperature drops from the 
900 spring/autumn to the winter: (a) mass flow rate of Stream 7; (b) mass fraction of R134a 
901 in Stream 7; (c) mass flow rate of Stream 8; (d) mass flow rate of Stream 9; (e) mass 
902 fraction of R245fa in Stream 8; (f) mass fraction of R134a in Stream 9; (g) heat addition 
903 of the reboiler; (h) heat rejection via the condenser of the distillation system.
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906
907 Table 1. Properties of the working fluids.
Substance
Molecular 
mass
a
bT
b
crP
c
crT
[kg/kmol] [K] [Mpa] [K]
R245fa 134.05 288.05 3.64 427.2
R134a 102.03 247.08 4.06 374.2
Water 18.02 373.12 22.06 647.1
Ammonia 17.03 239.82 11.33 405.4
908 a : normal boiling point.bT
909 b : critical pressure.crP
910 c : critical temperature.crT
911
912
913 Table 2. Input parameters for the composition-adjustable ORC system.
Item Parameter Values
Heat source Temperature T12 100 °C
Mass flow rate waterm 141.8 kg/s
Pressure P12 2 MPa
Evaporator Minimal pinch PPTDeT , 5 K
Maximum output temperature T6 90 °C
Condenser Minimal pinch PPTDcT , 10 K
Number of fans 40
Power of fan 34 kW
Air mass flow rate 120 kg/s per fan
Turbine Isentropic efficiency ηt 0.85
Pump Isentropic efficiency ηp 0.8
914
915
916
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917 Table 3. Input parameters for the Aspen model.
Component Parameter Value
Pump 2 Output pressure 0.8 MPa
Pump 3 Output pressure 1.8 MPa
Number of stages 16
Distillation Feed stage 8
column Stage pressure drop 680 Pa
Column diameter 0.38 m
Tray height 0.25 m
Valve 1 Pressure drop 0.3 MPa
Valve 2 Pressure drop 0.3 MPa
Pump 4 Output pressure 1.5 MPa
Pump 5 Output pressure 1.5 MPa
918
919
920 Table 4. Results of the distillation column.
921
922
923
924
925
926
927
Spring/Autumn Summer WinterParameter Str 7 Str 8a Str 9a Str 7 Str 8a Str 9a Str 7 Str 8a Str 9a
Temperature  (°C) 28.7 52.0 102.3 40.7 52.0 102.3 14.7 52.0 102.3
Pressure (MPa) 1.5 1.37 1.38 1.5 1.37 1.38 1.5 1.37 1.38
Mass flow (kg/s): 
R134a
0.161
2
0.155
5
0.005
6
0.063
6
0.0559 0.007
7
0.344
4
0.342
6
0.001
8
Mass flow (kg/s): 
R245fa
0.278
8
0.003
2
0.275
7
0.376
4
0.0011 0.375
3
0.095
6
0.007
0
0.088
6
Mass fraction: R134a 0.366 0.98 0.02 0.145 0.98 0.02 0.783 0.98 0.02
Mass fraction: 
R245fa 0.634 0.02
0.98 0.856 0.02 0.98 0.217 0.02 0.98
Vapor fraction 0 0 0 0 0 0 0 0 0
Liquid fraction 1 1 1 1 1 1 1 1 1
Total flow (kg/s) 0.440 0.159 0.281 0.440 0.0571 0.383 0.440 0.350 0.090
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928 Table 5. Results of the condenser and the reboiler of the distillation system.
Parameter Spring/Autumn Summer Winter
Temperature (°C) 52 52 52
Heat duty (kW) 84.66 60.99 98.6
Condenser Distillate rate (kg/s)
0.1587 0.0571 0.3496
Reflux rate (kg/s) 0.3910 0.3389 0.2906
Reflux ratio 2.463 5.939 0.831
Temperature (°C) 102.3 102.3 102.3
Heat duty (kW) 120.9 97.3 129.9
Reboiler Bottoms rate (kg/s)
0.2813 0.3829 0.0904
Boilup rate (kg/s) 0.8874 0.7138 0.9531
Boilup ratio 3.155 1.864 10.539
929
930 Table 6. Power consumption for the pumps of the distillation system (kW).
Spring/Autumn Summer Winter
Pump 2 1.08 1.40 2.66
Pump 3 0.82 0.88 0.89
Pump 4 0.54 0.14 2.90
Pump 5 1.24 1.35 0.40
931
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933
934
935
936 Fig. 1. Dew and bubble lines of an R134a-R245fa zeotropic mixture.
937
938
939
940 Fig. 2. Distillation process of a zeotropic mixture.
941
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942
943 Fig. 3. Schematic of a composition-adjustable ORC system with a composition 
944 tuning.
945
946 Fig. 4. A simplified T-s diagram of the composition-adjustable ORC system.
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947
948
949 Fig. 5. Working principle of the composition-adjustable ORC system.
950
951
952 Fig. 6. Hourly temperature profiles in a day of different seasons in Berlin, Germany.
953
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955 Fig. 7. Results as a function of time: (a) net power output (MW); (b) thermal efficiency 
956 (%); (c) mass flow rate of the zeotropic mixture (kg/s); (d) mass fraction of R134a of 
957 Stream 1. (The results in spring/autumn, summer, and winter are represented by the 
958 green solid lines, the red dash-dotted lines, and the blue dashed lines, respectively.)
959
960
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961
962 Fig. 8. Optimised results of thermal and exergy efficiencies as a function the mass 
963 fraction of R134a and ambient temperature. (Comp represents the composition-
964 adjustable ORC cycle; Kalina cycle is the composition-adjustable Kalina cycle using 
965 ammonia/water as working fluid; Conv represents the conventional ORC.)
966
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967
968 Fig. 9. Performance of the composition-adjustable ORC as a function of the ambient 
969 temperature: (a) net power output; (b) Mass fraction of R134a in Stream 1; (c) power 
970 consumption or output; (d) mass flow rates of the zeotropic mixture and the air in the 
971 condenser; (e) heat transfer in the evaporator and the geothermal water temperature at 
972 its outlet; (f) heat transfer in the condenser and the air temperature at its outlet.
973
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974
975
976 Fig. 10. Optimised mass flow rates of the distillation column at the inlet and outlets for 
977 the spring/autumn case.
978
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979
980 Fig. 11. Optimised mass flow rates of the distillation column for the summer and winter 
981 cases. (The results of (a), (b), and (c) are for the summer case; the results of (d), (e), and 
982 (f) are for the winter case.)
983
984
985
986 Fig. 12. Steady state model of the distillation column in Aspen Plus.
987
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989 Fig. 13. Steady state simulation results of the distillation column for the spring/autumn 
990 case: (a) operation temperature as a function of the tray number in the distillation 
991 column; (b) operation pressure; (c) component mass fraction of the liquid mixture; (d) 
992 component mass fraction of the gaseous mixture.
993
994
995 Fig. 14. Dynamic model of the distillation column in Aspen Plus Dynamics.
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996
997
998 Fig. 15. Results of dynamic process when the ambient temperature rises from the 
999 spring/autumn to the summer: (a) mass flow rate of Stream 7; (b) mass fraction of 
1000 R134a in Stream 7; (c) mass flow rate of Stream 8; (d) mass flow rate of Stream 9; (e) 
1001 mass fraction of R245fa in Stream 8; (f) mass fraction of R134a in Stream 9; (g) heat 
1002 addition of the reboiler; (h) heat rejection via the condenser of the distillation system.
ACCEPTED MANUSCRIPT
53
1003
1004 Fig. 16. Results of dynamic process when the ambient temperature drops from the 
1005 spring/autumn to the winter: (a) mass flow rate of Stream 7; (b) mass fraction of R134a 
1006 in Stream 7; (c) mass flow rate of Stream 8; (d) mass flow rate of Stream 9; (e) mass 
1007 fraction of R245fa in Stream 8; (f) mass fraction of R134a in Stream 9; (g) heat addition 
1008 of the reboiler; (h) heat rejection via the condenser of the distillation system.
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